Introduction
The enteric microbiota is a unique ecological niche where microorganisms live normally in the digestive tract in a balanced relationship with other species and the host.
The relationship is complex and incompletely understood, often involving bidirectional signals and interactions that not only influence the behavior of microflora, but also host responses essential to the maintenance of intestinal homeostasis (Rakoff-Nahoum et al., 2006) . Prime examples of the latter are the host toll-like receptors (TLR) that continuously monitor luminal microbial pattern molecules that are essential for regulation of innate immune responses and epithelial cytoprotection (Pasare and Medzhitov, 2005) .
Among bacteria, population dynamics are influenced by the secretion of numerous metabolites and effecter molecules that promote species stability, adaptation, and survival within this environment. Quorum sensing is perhaps the most elegant of these processes, providing bacteria with the ability to communicate and change behavior of the same or other species in response to conditions and perturbations of the environment Losick, 2006 and Camilli and . Both Gram-positive and Gram-negative organisms utilize quorum sensing molecules (QSMs) which, in the former, are usually bioactive peptides, whereas in the latter, include non-peptide molecules such as acylhomoserine lactone (Bassler and Losick, 2006) . Because they play a role in determining the diversity and composition of the enteric microbiome, the profile of QSMs at any given time reflects the status or impending changes in the microbiota. Whether eukaryote cells have the ability to detect the complex array of QSMs is unexplored, but such an ability would allow the host to appropriately respond to physiological or 3 4 pathophysiological perturbations in the microbiota. The present studies demonstrate that the pentapeptide, QSM, ERGMT, also known as CSF (competence and sporulation factor) from Bacillus subtilis, is transported into mammalian intestinal epithelia through a novel cell membrane transporter, organic cation transporter isotype 2 (OCTN2). Once taken up by intestinal epithelial cells, activates key survival pathways including p38 MAP kinase and protein kinase B (Akt) and also induces cytoprotective heat shock proteins (Hsps), the latter preventing oxidant-induced intestinal epithelial cell injury and loss of barrier function.
Results

Bacillus subtilis produced-CSF induces Hsps and activates survival pathway (Akt) and stress signal (p38 MAPK) in Caco2 bbe cells
Heat shock proteins (Hsp) are essential for maintenance of intestinal homeostasis (Rakoff-Nahoum et al., 2004 , Pasare and Medzhitov, 2005 and Rakoff-Nahoum et al., 2006 , rendering colonic epithelial cells less susceptible to injury and stress (Arvans et al., 2004) . Intestinal epithelia express many heat shock proteins, including inducible Hsp27(human)/Hsp25(murine) and Hsp70 and constitutively expressed heat shock cognate Hsc70. The nomenclature, Hsp27 and Hsp25, defines the related small heat shock proteins of approximate molecular weight of 27 kDa and 25 kDa of human and murine cells, respectively (Morimoto, 1993 and Morimoto, 2002) . Physiological expression of inducible heat shock proteins like Hsp27/25 and Hsp70 is maintained by microbial-derived molecules, including pattern recognition ligands (Rakoff-Nahoum et 4 5 al., 2004) , accounting for their predominant expression in surface colonocytes (see Figure   S1 in the Supplemental Data available with this article online). Therefore, we assessed the effects of conditioned media (CM) from several representative strains of enteric bacteria in inducing heat shock protein 27 (Hsp27) expression in human colonic epithelial Caco2 bbe cells. As shown in Figure 1A , of the strains that were tested, most Grampositive, but not Gram-negative, bacteria significantly induced Hsp27 expression in Caco2 bbe cells (results expressed as a percent of control Hsp27 response to thermal stress,
41.5
o C x 23 mins). In light of this dichotomous response of Gram-positive bacteria, we considered the possibility that secreted agents such as quorum sensing peptides might be mediating the actions of this group of microbes.
B. subtilis (strain JH 642, wild type) was selected for further study because it is a well characterized obligate, Gram-positive aerobe that is not only a common soil and water saprophyte, but frequently part of human enteric flora with known probiotic activity (Solomon et al., 1996 , Kunst et al., 1997 , Lazazzera et al., 1997 , Levin et al., 1998 and Tam et al., 2006 . Conditioned medium from the B. subtilus strain JH 642 increased Hsp27 expression to nearly the same extent as heat shock ( Figure 1B ), whereas neither experimental condition altered expression of the constitutively expressed heat shock cognate Hsc70. The latter was anticipated because Hsc70 in most cells is quite stable and less influenced by exogenous stimuli or cell stress. This insures that Hsc70 continues to function in critical processes such as protein folding, chaperone function, and in formation and stabilization of protein complexes (Morimoto, 1993 and Morimoto, 2002) . To further characterize the factor(s) that induced Hsp27, CM from JH 642 was size-separated by a 3 kDa molecular mass cutoff filter, with bioactivity largely remaining 5 6 in the filtrate indicating a small molecular mass ( Figure 1C) . Additionally, the Hsp27-inducing bioactivity was heat-stable and pepsin-sensitive.
B. subtilis produces and secretes many bioactive agents, but its competence and sporulation factor (CSF), a QSM, fits the parameters of the above physiochemical characteristics. CSF is a cationic pentapeptide corresponding to the C-terminal 5 amino acids of the 40 amino acid polypeptide encoded by the phrC gene (Kunst et al., 1997) and functions in quorum-sensing (Lazazzera et al., 1997) with a physiological concentration range between 10-100 nM (Solomon et al., 1996) to alter Bacillus population behavior.
To assess CSF's potential biological role in colonic epithelial cells, CM from wild type (JH 642) and the CSF-deficient JH 642-derived B. subtilis strain, RSM 121 were added to Caco2 bbe cells. CM derived from RSM121 (delta CSF) failed to induce Hsp27 in Caco2 bbe cells, implicating CSF in this effect ( Figure 1D ). To further evaluate this possibility, CSF (ERGMT) was chemically synthesized and purified. CSF induced Hsp27 in Caco2 bbe cells (Top Western blot of Figure 1E ) and this induction is a concentration-dependent fashion which are physiologically relevant ( Figure S2 ).
Additionally, we tested the activation of other signaling pathways involved in cell survival and found that CSF activated the Akt and p38 MAPK pathways (Lower two sets of western blots in Figure 1E ). In intestinal epithelial cells, the former has been shown to be important in promoting Hsp25 expression (Tao et al., 2006) and the latter in blocking apoptosis by inhibiting caspase-3 after polyamine depletion (Zhang et al., 2004 (Charrier et al., 2006) . We specifically focused on the apical membrane organic cation transporter, OCTN2, as a candidate for CSF-uptake because of its transport preference for substrates having physiochemical properties close to CSF (e.g. cationic oligopeptide) (Tamai et al., 2000 and Peltekova et al., 2004) . OCTN2 is believed to be the main transporter for dietary carnitine, but its abundant expression in the colon is unexplained, as most carnitine is absorbed in the small intestine (Tamai et al., 2000 and Ohashi et al., 2001) . OCTN2 is primarily expressed by surface epithelial cells of the colon that are in direct contact with the luminal contents and microbes and which exhibit sustained expression of microbial-induced heat shock proteins (Rakoff-Nahoum et al., 2004) ( Figure S1 ). OCTN2, in contrast to OCTN1, is also expressed in Caco2 bbe cells ( Figure S3A ).
As shown in Fig. 2A , 14 C-labeled CSF was readily taken up by Caco2 bbe cells, an effect that was increased in OCTN2-transfected cells and inhibited in cells with siRNA silenced OCTN2 expression ( Figure S3B and C). Similar, but more pronounced, effects were observed in OCTN2-transfected human fibroblast HSWP cells that normally exhibit minimal endogenous expression of OCTN2 ( Figure S4A and B). FITC-labeled CSF was 7 8 also rapidly taken up by Caco2 bbe cells ( Figure 2B ) and distributed throughout the cytosol within 30 min, an effect competed by L-carnitine (10 mM) implicating OCTN2 transport.
In addition, while CSF competed with L-carnitine uptake, a scrambled pentapeptide for CSF (EMTRG) did not, suggesting the specificity of OCTN-mediated transport of the peptide ( Figure S4C ). Taken together, these studies provide compelling evidence for uptake of CSF by OCTN2. CSF induction of Hsp27 was also blocked by inhibiting OCTN2 expression with siRNA, whereas Hsp27 induction by heat shock (41.5 o C x 23 min) was not affected ( Figure 2C ), showing that OCTN2 is required for CSF to mediate Hsp27 induction. As shown in Figure 2D , conditioned media of other Gram-positive, in contrast to Gram-negative, bacteria also appear to compete with Na-dependent, Lcarnitine uptake of Caco2 bbe cells, suggesting OCTN2 uptake of soluble molecules derived from these organisms.
OCTN2 mediated-CSF uptake protects epithelial cells from oxidant stress
To assess the functional role of CSF and OCTN2 in epithelial homeostasis, we protecting cells against oxidant-induced stress (Ropeleski et al., 2003 and Arrigo et al., 2005) .
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Discussion
This study establishes a physiological role for OCTN2-transport of CSF as a mediator of host-microbial interaction. It is notable that polymorphisms of the OCTN1 andOCTN2 encoding genes, SLC22A4 and SLC22A5, are within the IBD5 susceptibility locus of Crohn's disease (Peltekova et al., 2004 , Noble et al., 2005 , Vermeire et al., 2005 , Walter et al., 2006 and Leung et al., 2006 , although a disease-causing role for these genes has not been established (Trinth et al., 2005) . OCTN2 and other similar pathways for engaging or uptake of QSMs may be essential for the regulation of host responses important for maintenance of intestinal homeostasis. Bacteria use quorum-sensing to communicate and coordinate population behavior in response to environmental changes, nutrient availability, and resisting other competing or pathogenic microorganisms Losick, 2006 and Camilli and . Similarly, pathogenic bacteria use quorum-sensing to co-ordinate their virulence, allowing them to evade immune detection and successfully establish infection. The finding that many Gram-positive bacteria, in contrast to Gram-negative organisms, produce compounds that compete Lcarnitine uptake ( Figure 2D ) is interesting because their quorum sensing molecules are typically small peptides, whereas the latter utilize non-peptides Losick, 2006 and Camilli and 
mg of peptide (CSF (ERGMT)) was dissolved in
100µl water and mixed with 1 ml of sodium acetate saturated water. Two ul of acetic anhydride were added 5 times at 15 min intervals at 0°C, and the reaction stopped by addition of 50µl ammonium hydroxide. The acetylated peptide was purified by HPLC using a 5µ 25cm length 4.6mm diameter Lichrosphere-100 RP-18 using a solvent 13 gradient: starting at 98% A/2% B (A== 0.1% TFA in water and B= 0.1% TFA in acetonitrile) for 5 min and then a linear gradient to 75% A 25%B over 20 min at flow rate of 1 ml/min. Detection was at 220 nm. The fraction containing acetylated ERGMT was analyzed by nuclear magnetic resonance (NMR) spectrometry to confirm structure and identify the acetylated residues (determined to be on amino terminal E).
Cell culture. Human colonic epithelial Caco2 bbe cells, a generous gift of Dr. Mark
Mooseker (Yale University, New Haven, CT), were grown in high-glucose Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% (vol/vol) fetal bovine serum (FBS), 2mM L-glutamine, 50U/ml penicillin, 50µg/ml streptomycin and 10µg/ml transferrin (all from Invitrogen/GIBCO, Grand Island, NY) in a humidified atmosphere of 5% CO 2 . Cells were used between passages 55-70. Cells were plated on 6 or 12 well plates at a density of 10 5 cells/ cm 2 and were allowed to differentiate for 10-14 days before experiments.
Mice. These studies were approved by the Institutional Animal Care and Use Committee of the University of Chicago. C57Bl/6 mice were purchased from Jackson Laboratories (Bar Harbor, ME) or Taconic Labs (Germantown, NY). Small and large intestines with or without treatments were removed, rinsed with ice-cold saline, and epithelium was gently sheared off with glass slides for protein or mRNA determination.
Preparation of B. subtilis conditioned media (CM). B. subtilis JH642 (wt) and
RSM121 (delta CSF) were a generous gift of Alan D. Grossman (MIT, Cambridge, MA), the latter strain derived from the former 13 . Single colonies of both strains were picked from LB agar allowed to grow in LB until OD 600nm reached 1.0 (about 3 hours), then pelleted (2000 x g for 15 min) and washed three times in minimum medium (S7 minimal 15 salts, 1% wt/vol glucose, 1% wt/vol glutamate and required amino acids (50µg/ml).
Bacteria were then resuspended in 10ml of minimal medium and grown for an additional 3 hours. Cells were then pelleted and the supernatant (containing secreted products) was filter-sterilized through a 0.1µ filter and stored at -80°C until use. Figure   3C ) and epithelial barrier function ( Figure 3D ) against oxidant-induced stress. siRNA to murine Hsp25 (mHsp25) having nucleotide sequence unrelated to hHsp27 had no effects, indicating the specificity of Hsp27 silencing. * p≤0.01 compared with corresponding responses in absence of CSF or BS-CM, n=4. 
